Iron is a detrimental alloying element for aluminium alloys; however, it is essential for facilitating die ejection in high-pressure die-casting process. Hence, studying the effect of iron on the corrosion performance of HPDC aluminium alloys is useful to find an optimal iron content for a specific alloy. Four LM24 alloys with 0.6 wt.%Fe, 0.8 wt.%Fe, 1.2 wt.%Fe and 2 wt.%Fe additions have been examined in this study. In addition to the differences in iron levels, the copper and manganese contents varied in two alloys. The corrosion performance of the alloy specimens
Introduction:
Iron is one of the most detrimental impurities for mechanical properties of aluminium alloys owing to its low solubility (less than 0.04 wt. %) which causes the formation of various, harmful iron-rich intermetallic compounds [1] [2] [3] . Under equilibrium conditions, the dominant Fe-bearing phase particles are Al3Fe and, under non-equilibrium conditions, the excess iron leads to nucleation of iron-rich phases containing silicon or it may be present in the supersaturated solid solution [3] . The Al-Fe-Si ternary phase particles have been identified in several reports in the forms of β-AlFeSi (Al5FeSi) platelets with monoclinic structures that are detrimental to alloy strength and ductility due to their morphology [4] . Generally, the dominant phase particles are α-AlFeSi (Al8Fe2Si) phase particles that have a star-shaped, blocky form or polyhedral morphology with hexagonal or cubic structures depending on the presence of manganese, which leads to ironneutralisation and the formation of small or large iron-rich phase particles [3, [5] [6] [7] [8] [9] [10] [11] . The main iron sources in aluminium alloys are steel tools for processing of primary aluminium and scrap materials in the recycling process [12] . There is a critical iron level above which the formation of the β-platelets is promoted. This level depends on the cooling rate, eutectic modification, manganese content and silicon content [12] . Previous researches have shown that iron-rich phases are nobler than the aluminium matrix and they can be the active sites for cathodic reactions such as oxygen reduction or hydrogen evolution reactions. Hence, the pH increases locally. Indeed, the iron-rich phases remain inert and the dissolution takes place in their immediate vicinity due to the local alkalization generated [13] [14] [15] [16] [17] [18] [19] [20] . It is well known that oxygen reduction controls the localized corrosion of aluminium; however, over a long period of corrosion, the oxygen reduction, which occurs on the iron-rich phase particles in the aluminium matrix, may be suppressed due to the formation of bulky or nodular corrosion products [21] . One of the characteristics of the corrosion product is its adhesive properties, which depends on NaCl concentration [22, 23] . Seri et al. [24] have shown that the adhesive ability of corrosion products becomes weaker in more concentrated NaCl environments. They also claimed that the preferential dissolution of iron in the intermetallic compounds and subsequent deposition of ferrous ions occurs in a dilute NaCl environment and, in the concentrated solution, the iron-rich intermetallic phase particles provide the cathodic sites at which the oxygen reduction takes place. If the excess iron is present in solid solution, the dissolution kinetics increase due to the nobility of iron rather than aluminium [1] . A previous study on LM24 alloy containing iron-rich phase particles has shown that these intermetallic phase particles are nobler than the aluminium matrix in the potential maps generated by scanning Kelvin probe force microscopy. The potential difference between the iron-rich phases and the matrix depends on the forming process of the alloy [25] . Consequently, reducing the Fe levels in Al alloys or modifying the crystal structure of the iron-rich intermetallics in order to improve mechanical properties is desirable. This could be more important in the recycling process due to the presence of scrap materials that contain more iron. However, iron is not always detrimental to aluminium alloys. For instance, iron has been used in high-pressure die-casting (HPDC) of aluminium alloys to improve die release that is a costly process. Hence, obtaining the appropriate level of iron in which the detrimental intermetallic compounds are eliminated, and the iron content is sufficiently high for die soldering in the high-pressure die-casting process is essential. Apart from controlling the iron level to prevent the formation of detrimental iron-rich intermetallics, introducing some elements to the alloy composition leads to modification of the structure of the intermetallic compounds to high symmetry structures. For instance, addition of manganese increases the nucleation tendency of Al15(Fe,Mn)3Si2 (or α-AlFeMnSi) instead of α-Al8Fe2Si and β-Al5FeSi; further, the former phases have more compact morphologies. CALPHAD simulations performed by Fang et al. [26] The influence of iron level on the corrosion of low copper containing aluminium alloys (Al-Si alloys) has been previously reported in the literature. In this work, the variation of the corrosion performance of a high copper aluminium alloy (LM24) with iron additions has been investigated. The practical interest in such studies is related to the design of the alloys for high-pressure die-casting in which the presence of iron is necessary for facilitating die ejection. In this context, the effect of manganese and copper additions on the iron-rich phases and the corrosion performance are reported. 
Experimental:
In order to investigate the effect of iron content on the corrosion of LM24 alloy, four specimens with 0.6 wt.%Fe, 0.8 wt.%Fe, 1.2 wt.%Fe and 2 wt.%Fe additions were made by high-pressure die-casting at BCAST, Brunel University. The samples were melted at 730°C, degassed with N2 for 3 minutes and kept at 730°C for 30 minutes prior to casting. The pouring temperature was between 650°C and 660°C.
The temperature of the shot sleeve out surface was 150°C. The scanning electron microscopy used in this research was a Zeiss EVO 50, and the samples for SEM characterisation were taken from the thinner part of the specimens due to uniformity of microstructure, as shown in Figure 2 . The samples were successively wet ground with 240, 600, 800, 1200, 2500, 4000 grit size papers, and then mechanically polished with 6μ, 3μ, 1μ and 0.25μ diamond paste for 1-2 minutes in each case. Electrochemical noise measurements of the LM24 alloys with various iron levels have been undertaken in solutions with low and high chloride concentrations, specifically 0.06 M and 0.6 M NaCl. Since the samples had very small diameter and were aluminium, it was not possible to use spot welding for making the electrical connection because of its higher electrical and thermal conductivity; hence, the electrical connection was made through a copper wire touching the sample surface as shown in Figure 3 . Electrical conductivity between the sample and the copper wire and the cable was measured by an ohmmeter. The resistance between the top surface of the sample and the wire inside the red cable was less than 0.1 Ω (as shown in Figure 3) ; hence, we could be sure about the electrical conductivity between the sample and copper wire. Afterwards, the sample was embedded in resin and was ready for polishing. Then the samples were polished until the outer copper wire was worn from the surface and the surface of the sample was completely clean of the copper wire. Then the samples were attached to a plastic rod vertically and placed in the solution as shown in The micro-electrochemical characterisation of the specimens was undertaken under ambient conditions by the scanning Kelvin probe force microscopy.
Nanoscope software was used for data processing. The topography scan rate was 0.25 Hz, and the images were taken in different scales (from 40 μm to 115 μm).
Results:
 The alloy specifications
As stated previously, the LM24 alloy specimens were made by high-pressure diecasting at BCAST, Brunel University. Table 1 lists the chemical compositions of the four as-cast specimens with iron contents ranging from 0.6 wt.%Fe to 2 wt.%Fe.
Additionally, the LM24-0.8Fe contains more copper (4 wt.%Cu rather than 3.5
wt.%Cu for the other alloys), and the LM24-1.2Fe alloy had an increased manganese level (0.4 wt.%Mn).  Scanning electron microscopy characterisation with EDX analysis Figure 7 illustrates the scanning electron micrographs of the as-cast surface of the alloy LM24 alloys with iron contents from 0.6 wt.%Fe to 2 wt.%Fe. According to the EDX analyses listed in Table 2 In addition to the iron-rich phases, copper-rich intermetallic particles have also been observed in scanning electron micrographs of the as-cast specimens. The θ-Al2Cu phases are smaller than the iron-rich phases. Table 3 illustrates the EDX analysis of the copper-rich phase region marked in Figure 8 . The β-AlFeSi phase particles have been identified in electron images of the alloy containing the highest iron concentration (2 wt.% Fe); the images were prepared by SEM serial block face sectioning using a GATAN 3View system. however, it had almost similar noise current behaviour to that of the LM24 -0.6 wt.% Fe alloy in the dilute solution. wt.%Fe showed a narrow range up to 100,000 s, followed by a slow increase with a fluctuation in the region of 2Hz -10Hz. A similar frequency-time behaviour up to 100,000 s was revealed for the alloy with 1.2 wt.%Fe addition. It was followed by a rapid increase to the region close to 10 Hz and a slow decrease to the vicinity of 1
Hz. The corrosion products were identified by their grey appearance, and shown in the micrographs of the LM24 alloys containing 0.8 wt.%Fe and 2 wt.%Fe. There were two types of corrosion products, with aluminium chloride having grey bubble morphologies and aluminium and/or silicon oxide. These products were dispersed on or near the iron-rich phases in both alloys. The corrosion products were not revealed at far distances from the surface of the LM24 alloy containing 0.6 wt.%Fe and 1.2 wt.%Fe. Figure 15 displays the grain boundaries revealed due to immersion of the LM24 alloy with 0.6 wt.%Fe, 1.2 wt.%Fe and 2 wt.%Fe contents in 0.6 M NaCl solutions.
The grains, highlighted by the circles, were hexagonal. Scanning electron micrographs of top views of the LM24-0.8Fe, and LM24-1.2Fe
alloy specimens are displayed in Figure 16 . The images were taken after the noise measurements in 0.6 M NaCl solution. The corrosion products were aluminium and silicon oxide as identified by the EDX analyses shown in Table 4 .  Electrochemical polarisation measurement Figure 18 illustrates the E-logi plots of the LM24 alloys with 0.6 wt.%Fe, 0.8 wt.%Fe, 1.2 wt.%Fe and 2 wt.%Fe contents in 0.06 M NaCl and 0.6 M NaCl electrolytes.
a) b)
c)
The potentials and currents of the LM24 alloy did not vary with the iron level in both 0.06 M NaCl and 0.6 M NaCl solutions. Scanning electron micrographs of the top views of the LM24 alloy specimens used for the anodic polarisation measurements are shown in Figure 19 . The iron-rich phases had a kite-shaped or blocky-form, with a width of 23 μm in the LM24 alloy containing 0.8 wt.%Fe as shown in Figure 18 . The aluminium oxides had bubbleshaped or worm-shaped morphologies after immersion in 0.6 M NaCl solution. The specimens were damaged more seriously after the anodic polarisation measurement than the cathodic measurement. Pits were revealed in the characterisation of the corroded samples, and the silicon concentration was much higher than aluminium from the EDX analyses reported in Table 5 . The phases shown in blue colour that had the potentials between 110-160 mV were distributed significantly in the LM24-0.8Fe alloy. According to the EDX analyses, these phases are attributed to the iron-rich phases, especially with the larger morphologies. However, the centre regions of the phases were darker and, in most cases it became dark pink which showed the potentials close to 250-300
mV, and may contain θ-Al2Cu since copper has a high surface potential. The similar potential boundaries were revealed in the potential maps of the other alloys;
however, the phases were narrow and less distributed in the LM24-0.6Fe and LM24-1.2Fe alloys. Hence, the larger areas with low potential were confined by these phases; consequently, the potential gradient increased for these alloys rather than the LM24-0.8Fe alloy. Whilst the potential map of the LM24 alloy containing 2 wt.%Fe was very similar to that of the LM24-0.8Fe alloy, larger surface areas with a potential range of 100-150 mV were revealed in the potential map of this alloy due to presence of the larger iron-rich phases (α-AlFeMnSi and β-AlFeSi) compared to the LM24-0.8Fe alloy. However, these areas had lower surface potentials than the copper-rich phases shown in pink in the potential maps. Figure 21 shows the flooding images of the potential maps for the LM24 alloy specimens at the given scales. The red areas illustrate the surfaces with potentials higher than 150 mV. Although the minimum and maximum of total areas of the red regions were observed in potential maps of the LM24-0.6Fe and LM24-2Fe alloys respectively, the high potential areas did not vary with iron level in the LM24-0.8Fe and LM24-1.2Fe alloys significantly. Figure 22 shows the sectioning in the potential maps of the LM24 alloy specimens.
The distribution of the intermetallic phases was higher in the LM24-0.8Fe and LM24-2Fe alloys rather than the other alloys. Narrow intermetallic phases were observed in the LM24-0.6Fe and LM24-1.2Fe alloys. The lightest points in the image showed the peaks of surface potentials around 600-700 mV. The average noise impedance measured in the low chloride solution increases as the iron-rich phases enlarge. The size of the iron-rich phase particles increases with the iron addition, except for the alloy containing 1.2 wt.%Fe. Hence, this alloy and the alloy with the lowest iron addition showed a modest noise impedance in the dilute solution, especially after 100,000 seconds of immersion. The addition of copper by 0.5 wt.% in the LM24-0.8Fe alloy generated the highest average noise impedance in the highly aggressive solution, and this value is much higher than that of the same alloy in the low chloride solution. The volume of corrosion products on the cathodic sites such as iron-rich and copper-rich phases in this alloy led to reduction of the cathodic reaction rate. As a result, the corrosion rate decreased and the measured average noise impedance increased for this alloy. The iron-rich phase particles were dispersed in the LM24-1.2Fe alloy; therefore, the cathodic reaction occurred throughout the surface, and the average noise impedance decreased for this alloy.
The EDX analyses and scanning electron micrographs showed severe dissolution of aluminium matrix rather than silicon in the electrochemical polarisation measurement, because the measured concentration of silicon was much higher than that of aluminium. It shows that potentials higher or lower than corrosion potentials caused severe attack and hence, the difference in corrosion behaviour is not shown significantly. As a result, linear sweep test does not provide appropriate comparison criteria for LM24 alloys with various iron contents.
The potential maps for the LM24 alloys showed distribution of phases with various surface potentials throughout the microstructure. The corrosion rate increases with increasing surface potential gradient. Some areas, shown as dark orange, had the lowest surface Volta potentials. The surface areas and shapes of the phase particles are as important as their surface Volta potentials. According to scanning electron microscopy observations, the iron-rich phase particles were large in the LM24-0.8Fe and LM24-2Fe alloys due to high iron contents. The presence of a higher manganese concentration distributed the iron-rich phase particles in the LM24-1.2Fe alloy, and the cathodic sites were smaller than those of the LM24-0.8Fe alloy irrespective of the higher iron content.
Furthermore, the α and β iron-rich phase particles had sharp morphologies, and they showed higher surface Volta potentials in the scanning Kelvin probe micrographs due to their surface roughness, which affects the measured surface Volta potential. In addition, since these phase particles were large in the LM24-0.8Fe and LM24-2Fe alloys, it was not easy to grind these phases during sample preparation, and they have a higher height with respect to the matrix. Hence, the large iron-rich phase particles showed higher surface Volta potentials in potential maps of these alloys. The alloy with 1.2 wt.% iron showed smaller iron-rich phase particles; therefore, the cathodic areas were smaller than those observed in the alloys containing 0.8 wt.%Fe and 2 wt.%Fe contents.
Conclusion:
1) The larger iron content in the LM24 alloy resulted in larger and more complex iron-rich phase particle morphologies and a more corrosion resistant alloy in the presence of 3.5 wt.% Cu. The corrosion products accumulated in the alloys with the larger iron-rich phase particles and resulted in lower rates of cathodic reactions during immersion in NaCl solutions.
2) An increased Mn/Fe ratio causes the distribution of iron-rich phase particles and cathodic sites across the surface of the alloy. Hence, the compositional potential gradient of the phases throughout the surface decreases.
3) Corrosion depth was narrow in the alloys containing 0.6 wt.% and 1.2 wt.% due to smaller iron-rich intermetallic compounds observed in these alloys.
4) The iron-rich and the copper-rich phase particles had potentials in the range of more than 150 mV according to the scanning Kelvin probe force measurements. In addition to the compositional gradient, roughness of the iron/copper-rich intermetallic phase particles resulted in the gradient of surface Volta potential. This gradient was less evident in the alloy containing a higher manganese content due to presence of small and granular iron-rich intermetallic phase particles rather than the α and β iron-rich phase particles.
